The nanowire geometry provides potential advantages over planar waferbased or thin-film solar cells in every step of the photoconversion process. These advantages include reduced reflection, extreme light trapping, improved band gap tuning, facile strain relaxation, and increased defect tolerance. These benefits are not expected to increase the maximum efficiency above standard limits; instead, they reduce the quantity and quality of material necessary to approach those limits, allowing for substantial cost reductions. Additionally, nanowires provide opportunities to fabricate complex single-crystalline semiconductor devices directly on low-cost substrates and electrodes such as aluminum foil, stainless steel, and conductive glass, addressing another major cost in current photovoltaic technology. This review describes nanowire solar cell synthesis and fabrication, important characterization techniques unique to nanowire systems, and advantages of the nanowire geometry. 
INTRODUCTION
Over the past decade, both solar cell research and nanowire research have become hot topics within science and engineering (1) (2) (3) (4) (5) (6) . The need for higher solar cell efficiencies at lower cost has become apparent, and at the same time synthetic control in nanoscience has improved such that high-performance electronic devices are becoming possible (7) (8) (9) (10) . Nanowire solar cells have some potential benefits over traditional wafer-based or thin-film devices related to optical, electrical, and strain relaxation effects; new charge separation mechanisms; and cost. Ordered arrays of vertical nanowires with radial junctions take advantage of all these effects, although solar cells made using axial junctions or random arrays can still have some benefits over planar cells, as shown schematically in Figure 1 and described in detail in Section 3. Even in the optimal configuration, it is unlikely that nanowire cells will exceed the efficiency limits of planar devices; instead, they relax the requirements needed to approach those limits, opening up the door to low-cost, previously discarded materials and processing options. Functioning nanowire photovoltaics have been fabricated using a wide variety of materials including silicon, germanium, zinc oxide, zinc sulfide, cadmium telluride, cadmium selenide, copper oxide, titanium oxide, gallium nitride, indium gallium nitride, gallium arsenide, indium arsenide, and many polymer/nanowire combinations (7, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Output efficiencies have steadily increased so that most material systems have now achieved efficiencies higher than 1%, with some close to 10%, but a number of unresolved questions must be answered before such materials can be used in commercial devices. This review discusses the synthetic approaches used to fabricate nanowire array and single-nanowire solar cells, describes important characterization techniques (especially those that differ substantially from bulk), details the benefits that nanowires can provide, and gives an outlook on challenges and opportunities for the nanowire solar cell field.
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Figure 1
Benefits of the nanowire geometry. (a) Periodic arrays of nanowires with radial junctions maintain all the advantages, including reduced reflection, extreme light trapping, radial charge separation, relaxed interfacial strain, and single-crystalline synthesis on nonepitaxial substrates. (b) Axial junctions lose the radial charge separation benefit but keep the others. (c) Substrate junctions lack the radial charge separation benefit and cannot be removed from the substrate to be tested as single-nanowire solar cells.
NANOWIRE SOLAR CELL FABRICATION AND ANALYSIS
Nanowire solar cell fabrication and analysis consist of four primary steps that are described in detail below: nanowire synthesis, junction formation, contacting, and characterization.
Nanowire Synthesis
A huge body of literature is now devoted to nanowire synthesis, and excellent reviews describe the growth mechanisms (2, 3, 25, 26) . Here we focus on the two techniques most commonly used in nanowire solar cells: chemical vapor deposition and patterned chemical etching.
In chemical vapor deposition, nanowires are synthesized by flowing chemical precursor vapors into the hot zone of a furnace to react on a substrate, often with the assistance of a metal catalyst nanoparticle. The vapor source can be a gas, liquid, or heated solid. The precursor vapors are transported to the substrate with an inert carrier gas, often combined with other reactant gases along the way. The substrate is placed in the deposition zone of the furnace, where chemical decomposition is favorable. A number of mechanisms promote nanowire growth instead of uniform thin-film deposition. The most commonly cited is the vapor-liquid-solid (VLS) mechanism, which uses a metal catalyst that forms a liquid eutectic with the desired nanowire material (25, 27) . Upon chemical decomposition and dissolution into the liquid eutectic droplet, the solution becomes supersaturated and overcomes the nucleation barrier to begin precipitation. Additional flux of dissolved species leads to further precipitation and nanowire growth. With the proper substrate, precursor, temperature, catalyst, and concentration, vertical nanowire growth is possible (28) , which is advantageous for solar cells, as is described in Section 3. Catalyst patterning approaches allow for ordered nanowire array synthesis (14) .
Dopants can be introduced during growth or in a separate diffusion step (29, 30) . In situ doping has the advantage of being able to occur at lower temperatures because it does not rely exclusively on diffusion but can be incorporated through the catalyst (29) . Unlike in situ doping, ex situ doping does not affect the nanowire or thin-film growth kinetics and decouples the growth and doping time and temperature (30) (31) (32) . Measuring the dopant concentration and distribution in nanowire systems is significantly more difficult than in bulk wafers or thin films and is discussed in Section 2.4. Although the VLS growth mechanism is common in nanowires grown by chemical vapor deposition, a number of other mechanisms are also possible; these include vapor-solidsolid (VSS), vapor-solid (VS), and dislocation-mediated growth (3, (33) (34) (35) (36) . The VSS mechanism is similar to VLS growth, but the catalyst remains solid instead of forming a eutectic liquid. This phase difference means that chemical concentration and precipitation are not the dominant driving forces for 1-D growth in the VSS mechanism; instead, the catalyst accelerates precursor decomposition. The VS mechanism does not use a catalyst and instead relies on a difference in surface energy between the crystal planes that cap the nanowire to drive 1-D growth. The dislocation-mediated growth mechanism uses high-energy defect sites to incorporate atoms along a screw dislocation, which leads to 1-D growth in the same way that a spiral staircase leads upward.
Patterned chemical etching is a top-down or hybrid top-down/bottom-up approach that involves a lithography step followed by an etch step. Figure 2 shows the fabrication steps for one possible hybrid scheme and images of the resulting nanowire array. The initial lithography step is either a top-down approach such as e-beam and nanoimprint or a spontaneous bottomup approach such as nanosphere assembly, anodic alumina, and block copolymer formation (14, (37) (38) (39) (40) . The patterned substrate is dissolved with a directional, substrate-selective etch such as deep reactive-ion etching (DRIE) or metal-assisted chemical etching (40) (41) (42) (43) nanowire diameter and pitch independently simply by changing the sphere diameter and etch time prior to the substrate etch step (42) . Silica and polymer spheres can be synthesized with a wide range of diameters (typically 100-1,000 nm) and can be assembled over large areas using Langmuir-Blodgett, dip-coating, and roll-coating methods (11, 42, 44, 45) . Anodic alumina and block copolymer templates can access much smaller pattern dimensions (typically 10-100 nm) and have been used to fabricate nanowires with diameters of ∼10 nm (39, 43) . The patterned chemical etching technique has the advantage that the starting wafer or thin film sets the doping level and material composition, which allows for more precise control over the material parameters and simplifies the material characterization.
Junction Formation
Once the nanowire has been synthesized, a junction must be introduced to promote charge separation and collection. This junction can occur along the diameter (radial separation) or length (axial separation) of the nanowire or at the substrate interface (Figure 1) . The only requirement for the junction is that it induces a chemical potential difference that causes electrons and holes to move in opposite directions to allow for carrier collection. The first type of junction used in nanowire solar cells is known as a p-n junction or homojunction. In this case, a single semiconductor material is used, and either extrinsic dopant atoms or intrinsic defects are introduced in different regions of the nanowire to create the chemical potential difference. or by depositing a thin film over the original nanowire (11, 41, 46, 47) . In the diffusion case, if the time is too long or the temperature too high, the nanowires can be converted completely to the opposite carrier type (to give a nanowire substrate junction, as in Figure 1 ), in which case the benefits of the radial junction are lost (48) (49) (50) . However, the lower junction area can also lead to higher efficiencies when the starting wafer is very pure. In the thin-film deposition case, the shell must be doped with a carrier type that is opposite to that of the nanowire and can be single crystalline if grown epitaxially but more often is polycrystalline (Figure 3) . Most commercially available solar cells, including silicon (both crystalline and amorphous), gallium arsenide, and high-efficiency multijunction cells, use a homojunction to separate carriers (51) . The second type of solar cell uses a Schottky junction to separate charges. Schottky cells use a metal (or very highly doped semiconductor) with a large (or small) work function in contact with an n-type (or a p-type) semiconductor to induce a depletion region or even inversion at the semiconductor surface. This leads to a barrier for carrier flow in only one direction. From a band diagram perspective, this case is very similar to the p-n junction. However, the semiconductor/ metal interface must have a low defect density; otherwise, there will be Fermi-level pinning, and the solar cell will have a much lower output voltage than theoretically possible (51, 52) . Conductive polymers have been used in conjunction with silicon nanowires to form Schottky junction solar cells (53) . Semiconductor-electrolyte (photoelectrochemical) solar cells use an electrolyte as the metal and are the most common nanowire Schottky cells (54) (55) (56) (57) .
The third type of solar cell, termed a heterojunction, uses a type II band offset (one material has higher conduction and valence bands than the other) between two different materials to separate carriers. The type II offset is preferred over a type I offset (in the latter, one material straddles both bands of the other material) because it helps ensure that electron and hole transfer occurs primarily in the desired direction. Many popular thin-film solar materials, including cadmium telluride, copper indium gallium selenide (CIGS), copper zinc tin sulfide/selenide (CZTS), and organics, typically use heterojunctions to separate charge carriers (58) (59) (60) (61) . Dye-sensitized solar cells are a special type of heterojunction cell that require a redox couple to regenerate the surface-adsorbed dye after photoexcitation and electron injection. Nanowire heterojunctions are usually fabricated by depositing a thin film on top of a nanowire array via standard methods such as chemical vapor deposition, pulsed laser deposition, electrodeposition, or chemical bath deposition for inorganic materials and spin coating or solution dye adsorption for organics and dye cells (13, 14, 22, (62) (63) (64) . Quantum dots attached to the nanowire surface can be used instead of dyes to absorb light in dye-sensitized solar cells (65) . Inorganic nanoparticles have also been used to infiltrate nanowire arrays; the subsequent annealing or ligand exchange allows for improved charge transport between nanoparticles (16, 66).
Contacts
After the nanowires are grown and the junction is formed, contacts must be deposited to extract electrons and holes. As in planar solar cells, ohmic contacts maximize the open-circuit voltage (V oc ), short-circuit current density (J sc ), fill factor (FF), and overall energy conversion efficiency (η). Methods for making ohmic contacts in planar solar cells, such as heavy doping and interfacial layers, also apply to nanowire systems (11, 30, 46, 51, 58) . Clearly, Schottky junction solar cells require one Schottky and one ohmic contact, as discussed in Section 2.2.
Single-nanowire solar cells are usually contacted using e-beam or photolithography and metal evaporation. Radial junctions (core-shell) require multiple lithography and etch steps so that electrons and holes can be extracted separately (20, 47) . Nanowire array contacting schemes are typically similar to those of planar thin-film solar cells. The bottom or top contact must be transparent to allow light to come through, and the other contact is usually made of reflective metal. Obtaining conformal (or at least continuous) metal finger grids or transparent conductor coatings on high-aspect-ratio structures can be challenging and often requires a much thicker layer and more uniform deposition techniques (such as sputtering or electrodeposition) than in planar cells (11) . If the junction is made by deposition, the nanowire diameters can expand to the point at which they begin to touch or possibly even fuse together completely, simplifying the contacting scheme (14, 41) . Semiconductor-electrolyte junctions provide the simplest uniform contact (54-57).
Device Geometries and Characterization
Nanowire solar cells can be made from individual nanowires or arrays. Single-nanowire devices enable careful study of fundamental processes such as charge transfer, surface recombination, and minority carrier diffusion. They also simplify analysis of dopant density, surface state, and conductivity measurements by removing ensemble averaging and nonuniform contacting effects. However, they cannot be used to compare nanowire devices with standard planar technology or to investigate phenomena that depend on an array or vertical geometry such as photonic crystal light trapping or absorption/charge separation orthogonalization effects.
Single-nanowire studies are important to understand transport, doping, surface, and charge separation properties. However, unlike in bulk wafer or thin-film materials, for single nanowires, extracting carrier concentration, mobility, dopant profiles, surface state densities, minority carrier diffusion lengths, and metal impurity concentrations is not straightforward. Hall effect measurements, secondary ion mass spectrometry (SIMS), Auger electron spectroscopy (AES), and X-ray photoelectron spectroscopy (XPS) cannot be implemented with the resolution necessary to obtain meaningful results, so traditional transport measurements are the primary tool for extracting these properties. The most common measurement is the back-gated or top-gated field-effect transistor (FET), which is often used to determine mobility and carrier concentration in thin films. Figure 4 shows a schematic and corresponding scanning electron microscopy (SEM) images of a single-nanowire FET that has both a top gate and a back gate. In this case, the nanowire was grown epitaxially between degenerately doped silicon source and drain electrodes, but a similar structure can be prepared by drop casting nanowires on a substrate and by using e-beam lithography to define metal source and drain electrode contacts. Due to uncertainties in the gate capacitance, surface depletion effects, and nonuniform dopant distribution, the extracted mobility and carrier concentration values can have substantial errors when standard assumptions are used. Khanal & Wu (67) used finite element method (FEM) simulations to show that mobility measurements can have an error between approximately a factor of two and ten when the infinite cylinder on a plane model is used for the capacitance. The higher error occurred in low-doped nanowires with small diameters and thin back-gate oxides (67) . Top-gate capacitance measurements on germanium nanowires showed that the gate capacitance error could be nearly eliminated by using FEM simulations instead of an analytical model (68). Garnett et al. (30) used capacitance-voltage (C-V) measurements to extract the radial carrier concentration profile and surface state density of individual silicon nanowires (Figure 4) , which agreed well with diffusion simulations, planar control samples, and literature values for the surface state density. This result is encouraging because it means that with proper surface passivation, nanowire solar cells should be able to reach the same low level of surface recombination (per unit area) as planar cells. However, this result also suggests that unpassivated nanowires with diameters of less than 100 nm and doping levels near 1 × 10 17 cm −3 can easily be completely depleted by the surface states (69) . This is something that must be considered-the ungated conductivity measurement may be sampling only a small fraction of the nanowire volume and can thus result in errors in the carrier concentration, even when calculated using the correct mobility. Additionally, if there is a substantial dopant distribution within the nanowire, a single carrier concentration value gives only an estimate of the average value.
Although the C-V measurements mentioned above extracted the radial carrier concentration profile, they could not ascertain the dopant distribution directly. Perea et al. (29) used local electrode atom probe (LEAP) microscopy to see a nonuniform radial dopant profile for in situ-doped nanowires. proposed mechanism whereby phosphorus incorporates more efficiently through the uncatalyzed radial growth than through the catalyst. Koren et al. (70) used Kelvin probe force microscopy (KPFM) to demonstrate that even nanowires that did not show uncatalyzed radial growth (no tapering) had a 100-fold increase in phosphorus concentration at the surface compared with the core. This result underscores the potential errors involved in assuming uniform dopant distributions and ignoring surface state densities. In addition to dopant profiling, catalyst incorporation into nanowires during growth is also of great concern, especially when metals that form deep traps (e.g., gold in silicon) are used. LEAP microscopy and high-angle annular dark-field (HAADF) imaging have shown that gold can dissolve into nanowires at concentrations between 1 ppm (roughly 1 × 10 16 cm −3 ) and 1 × 10 20 cm −3 at growth temperatures below 500
• C (71-73). There are some conflicting data regarding whether the gold segregates to the surface or has a uniform distribution throughout, which may be related to different growth conditions and material systems (71) (72) (73) . Quantum-confined silicon nanowires synthesized using a titanium silicide catalyst showed substantial photoluminescence, whereas those catalyzed by gold did not, indicating that alternative catalysts can reduce metalinduced recombination (74) .
Recombination through metal defects is not the only mechanism to reduce the minority carrier diffusion length in nanowire solar cells. Allen et al. (71) made single silicon nanowire solar cells by using one Schottky (gold) and one ohmic (nickel) contact on n-type wires patterned by ebeam lithography (Figure 6 ). E-beam-induced current (EBIC) measurements showed that the minority carrier diffusion length is strongly correlated with nanowire diameter, suggesting that surface recombination is the dominant factor (71). This recombination may stem from surface states but may also be caused by gold-or phosphorus-rich regions near the surface. Another study that also analyzed single silicon nanowire and microwire solar cells with scanning photocurrent spectroscopy found a minority carrier diffusion length of approximately two to four times the wire diameter (75) . Calculations assuming that the minority carrier diffusion length was limited by the surface gave recombination velocities of 1,350 cm s −1 , similar to bulk values for the native oxide/silicon interface (76) .
A number of studies have examined how the surface affects other electrical properties such as mobility. Ford et al. (9) found a linear correlation between mobility and diameter in indium arsenide nanowires, in which the gate capacitance was measured directly to minimize errors. This correlation suggests that surface scattering plays a significant role in reducing mobility and that surface passivation may help reduce this loss. Haick et al. (77) found an order-of-magnitude increase in silicon nanowire mobility after replacing the native oxide surface with a methyl-terminated surface, which reduces the surface recombination velocity by several orders of magnitude in silicon single crystals. The passivated nanowires showed mobility values comparable to those of bulk single crystals (78) . Zhang et al. (79) also showed that surface states play a dominant role in the electrical properties of germanium nanowires. Demichel et al. (80) used an optical technique that they developed to measure surface recombination velocities of silicon nanowires after standard thermal oxidation and forming gas annealing passivation treatments. These latter researchers found values as low as 20 cm s −1 , similar to values for thermally oxidized silicon (100) (80) . Assuming that the diode saturation current density is linearly proportional to surface recombination (which scales linearly with surface area and surface recombination velocity), we can expect a 60-mV decrease in V oc for every order-of-magnitude increase in surface area, which is consistent with the experimentally observed and simulated results for high-purity silicon (11, 81) . The above experimental evidence suggests that if properly implemented, surface passivation schemes already established for bulk semiconductors can limit detrimental surface effects in nanowire solar cells to a 10-15% efficiency loss compared with planar cells. Nanowire solar cell absorption, charge transfer, and carrier collection efficiency can be measured using standard techniques for bulk solar cells. The results and benefits are discussed in the next section.
BENEFITS OF THE NANOWIRE GEOMETRY
In any solar cell, there are many sources of loss that must be minimized. The steps required to convert light to electricity are photon absorption, exciton creation, exciton separation to free carriers, and carrier collection by the electrodes. Using nanowires instead of wafers or thin films provides opportunities to minimize losses in each step at lower costs. The potential cost benefits come primarily from lowering the purity standard and the amount of semiconductor material needed to obtain high efficiencies; increasing the defect tolerance; and enabling new single-crystalline materials to be used without expensive, lattice-matched substrates. The major benefits associated with each photoconversion step are depicted in Figure 1 and are described in detail below.
Absorption
Absorption losses can be divided into two categories: reflection, in which not all of the light is able to enter the semiconductor, and transmission, in which the sample either is too thin or does not have sufficient light trapping to quench all the photons. Antireflection coatings address the first loss, whereas light-trapping schemes affect the second loss. Although both antireflection and light-trapping schemes improve absorption, it is important to differentiate between the two mechanisms to understand how photocurrent can be increased for different solar cell structures.
Reflection at an interface arises from a difference in refractive index between two media (82). In the case in which there is no antireflection coating, most inorganic semiconductors will reflect between 10% and 50% of the light in the range of 400 to 2,000 nm, where most of the sun's power lies. For example, a silicon solar cell without an antireflection coating will lose more than 30% of its power to reflection (51) . One common strategy to reduce reflection is to add one or more coatings that have a refractive index intermediate between that of the semiconductor and that of air (83) . Using an appropriate coating thickness and refractive index leads to destructive interference between reflected light and incident light, eliminating reflection at both interfaces. Unfortunately, this technique is completely effective only for a single wavelength at normal incidence, so there will still be some reflectance over most of the spectrum. Double-and triple-layer coatings can spectrally broaden the response, but the ideal coating would have a continuously graded refractive index. Tapered nanowire arrays (nanocones) with tips much smaller than the wavelength of light act as an effective medium, with a gradual change in refractive index given by the weighted average of the material and air. Figure 7 shows that this approach leads to greatly enhanced absorption compared with planar samples over a broad wavelength and angle range (84) . Nanocones show improved performance over both nanowires and thin films. Because all the amorphous silicon (a-Si) films in this study were optically thick (i.e., thick enough that there is no transmission) over the wavelength range measured, the increased absorption can be attributed to reduced reflection and does not provide information on light-trapping effects. Other studies have also reported greatly reduced reflection with tapered and untapered nanowires made of different materials, including crystalline silicon, gallium nitride, indium phosphide, gallium phosphide, germanium, and cadmium sulfide (14, (85) (86) (87) (88) .
Although the antireflection properties of nanowire arrays have been extensively studied for a broad range of materials and morphologies, as mentioned above, most of these reports did not investigate light-trapping effects. Light-trapping schemes have been implemented in commercial wafer-based and thin-film solar cells and usually involve creation of random surface texturing (51, 78) . Yablonovitch & Cody (89), using statistical mechanics and geometrical optics approaches, first derived the limit of a perfectly implemented randomized (i.e., Lambertian) light-trapping scheme. Both methods showed a maximum light intensity enhancement within the medium of 2n 2 compared with the incident beam, where n is the refractive index of the medium. This corresponds to a path length enhancement of 4n completely randomized once it enters the structure. According to these two assumptions, a random array of nanowires may still be held to the 4n 2 limit, but a periodic array should be able to exceed it. Muskens et al. (90) used enhanced backscattering spectroscopy to demonstrate that random arrays of gallium phosphide nanowires act as strong scattering centers, with optical mean free paths as low as 160 nm. The optical mean free path, defined as the average distance that light travels in the array between nanowire scattering events, decreased with increasing photon energy, and the diameter-dependent shift in the spectral response curves was attributed to optical resonances along the nanowire diameter. This resonance effect was much stronger for arrays grown on (100) substrates, in which the nanowires grew along several off-vertical directions, than for arrays grown on (111)B substrates, in which all the nanowires were vertically oriented. This is not surprising, considering that diameter-dependent resonances can be excited only by scattered light in vertical nanowire arrays but the resonances can be excited directly by the incident beam in angled nanowires. Cao et al. (7, (91) (92) (93) ) studied these leaky-mode resonances, which resemble a whispering gallery mode in a microdisk cavity, in greater detail by measuring the photocurrent and scattering spectrum of single nanowires lying flat on a substrate (Figure 8) Q abs spectra of a 110-nm-radius germanium nanowire taken using linearly polarized transverse-electric (TE; red ) or transverse-magnetic (TM; blue) light. The spectra are normalized to an internal quantum efficiency of four, which is assumed to yield the best fit between the calculated and experimental results. The inset illustrates the illumination geometry for the TE (the electric field of the light polarized perpendicular to the axis of the wire) and TM (the electric field of the light polarized parallel to the axis of the wire) polarizations. The red/blue lines at the top indicate locations of all LMRs of the 110-nm-radius germanium nanowire in this spectral region. Only some of the modes are labeled for visualization convenience. E, H, and k are the electric field, magnetic field, and k vector of the incoming light, respectively. (e) The configuration of the electric field intensity for typical TM leaky modes. The white circle denotes the nanowire/air interface. Adapted from Reference 91. (7, (91) (92) (93) . The simulated field plots showed distinct resonant modes at spectral peaks, as expected. The absorption efficiency decreased as the incident angle moved away from the normal direction, again confirming that these leaky-mode resonances are the dominant light-trapping effect in single nanowires or arrays of horizontal nanowires. In addition to exciting resonances that can increase absorption, single nanowires can also show improvements in absorption with less material by offering an enhanced optical cross section over the geometrical cross section. The exceptionally high current observed by Tian et al. (47) for individual silicon nanowire solar cells lying on a substrate certainly had contributions from these resonance and optical cross-section effects in addition to the increased absorption coefficient in nanocrystalline silicon, the latter of which was given as an explanation.
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In addition to the scattering, resonance, and increased effective optical cross-section benefits that single nanowires and random arrays offer, ordered arrays can also benefit from diffraction effects, collective resonances, and changes in the optical density of states. Such ordered structures may not be bound by the randomized scattering limit. Garnett & Yang (11) measured the photocurrent of solar cells made with the same ordered silicon nanowire array but different silicon absorber thicknesses to determine the light-trapping path length enhancement factor. These researchers repeated the light-trapping measurements using arrays with different lengths and found a strong increase in path length enhancement factor with nanowire length (Figure 9) . The path length enhancement factor is defined as the apparent optical thickness of the structure divided by its actual thickness. The roughness factor in Figure 9 is defined as the ratio between the nanowire array surface area and the geometric surface area (surface area of a planar control). The strong correlation between path length enhancement and roughness factor (proportional to nanowire length) is especially striking; because the nanowires were formed by etching, the increased length significantly reduced the amount of silicon available for absorption. The best nanowire arrays showed path length enhancement factors of up to 73, exceeding the randomized scattering limit (2n 2 ∼ 25 because there was no back reflector). Optical transmission measurements corroborated the photocurrent data. The strong dependency on nanowire length may come from inefficient coupling to photonic crystal and waveguiding modes for short nanowires, but full-field optical simulations will be necessary to understand this phenomenon completely. Zhu et al. (94) performed optical simulations showing that periodic semiconducting nanocones with aspect ratios approaching 1 can effectively couple light into waveguiding modes within an a-Si solar cell. Their absorption measurements showed strong enhancements that agreed with the simulations, and the nanostructured solar cells showed a more-than-50% increase in short-circuit photocurrent density over planar control cells. The exceptional J sc of 17.5 mA cm −2 is above that of the world record a-Si solar cell, although the efficiency is much lower due to V oc and FF losses (95). Kelzenberg et al. (96) also found absorption enhancements above the randomized scattering limit in periodic arrays of silicon microwires, although the length, diameter, and filling fraction were nearly an order of magnitude different (far from subwavelength), so the enhancement mechanisms may not be the same. A number of other papers reporting periodic arrays of cadmium telluride and dual-diameter germanium nanowires made by templated chemical vapor deposition likely also show enhanced absorption due to the periodicity, although such papers do not include the analysis or enough data to calculate the enhancement factor (14, 88) .
Finally, nanowires can show increased absorption via resonant energy transfer from dyes or quantum dots located near the semiconductor surface. Because of the larger surface area compared with planar samples, this energy transfer can substantially affect absorption (Figure 10) . Peters et al. (97) demonstrated theoretically that silicon nanowires only 7 μm long and 50 nm in diameter can absorb 84% of the above band gap radiation with the help of a surface dye compared with only 56% without the dye. These calculations did not consider any of the light-trapping effects described above, which will increase absorption both with and without the dyes, although the relative enhancement is unknown. Using nanowires with optical resonances located at the dye absorption peak may amplify the energy transfer effect by increasing the electric field at the surface. Experimentally, Lu et al. (98) used time-resolved photocurrent measurements to show that lead sulfide nanocrystals can resonantly transfer energy to silicon nanowires. These investigators showed a strong correlation between the photoluminescence spectrum of lead sulfide quantum dots and the time-integrated photocurrent enhancement, as predicted by the transfer efficiency equations. Considering the conflicting factors of increased surface recombination and light-trapping effectiveness for longer nanowires, surface modification with dyes may help to optimize overall performance in nanowire solar cells. 
Figure 9
Optical transmission measurements on thin silicon windows with and without nanowires, photovoltaic response, and light-trapping effect as a function of roughness factor (RF). RF is defined as the ratio between nanowire array surface area and planar control surface area, which scales with nanowire length. Tilted cross-sectional scanning electron microscope images of (a) 2-μm nanowire arrays and (b) 5-μm nanowire arrays etched into 7.5-μm-thick silicon windows. (c) Transmission spectra of thin silicon window structures before etching (red ) and after etching to form 2-μm (blue) and 5-μm (black) nanowires. The spectrum from an optical model for a 7.5-μm-thick silicon window ( gray) matches very well with the planar control measurement. The insets are backlit color images of the membranes before and after etching. There is a large intensity reduction and redshift in the transmitted light after the nanowires are formed, suggesting 
Exciton Formation
After light is absorbed in the solar cell, the next loss mechanism is carrier relaxation. If the exciton binding energy is weak compared with the available thermal energy at room temperature (e.g., in bulk silicon), the excited carriers will relax to the band edge as free carriers. If the exciton binding energy is strong (as in most organic semiconductors), the carriers will form a bound exciton state. This carrier relaxation normally occurs by carrier-phonon coupling such that the energy is lost as heat. This is the single greatest loss mechanism in every photovoltaic device and typically represents between 30% and 40% of the incident solar energy (1). The simplest way to reduce heat losses is to choose a material with an optimal band gap or several materials with optimal complementary band gaps for single-junction and multijunction solar cells, respectively. One method commonly used to adjust material band gaps is to alloy multiple materials together. However, some common alloys, such as indium gallium nitride, show a miscibility gap at intermediate concentrations caused by large lattice mismatch strain, which makes it difficult to synthesize uniform single-crystalline films at arbitrary compositions. Nanowires close this miscibility gap by providing improved strain relaxation, opening up a broader range of absorption energies than is possible with thin-film materials (99) . Additional tuning can come from reducing the nanowire diameter to near or below the Bohr radius of the material, when quantum confinement begins to cause an increase in band gap (100). This is practically useful only in materials with large Bohr radii and relatively small starting band gaps, such as germanium and lead selenide. Another strategy to reduce heat loss is to introduce some nonlinear carrier generation scheme such as multiple exciton generation (MEG) (1). Quantum confined systems also exhibit greatly enhanced MEG yield (101, 102) . The enhancement mechanism is still under debate, but proposed mechanisms include reduced electronphonon coupling, relaxed momentum conservation, and enhanced Auger processes in quantum confined systems, all of which would increase the probability of the desired MEG relaxation pathway over standard thermalization.
Charge Separation
Nanowires also provide an opportunity to use new charge separation mechanisms. Wu et al. (100) used density functional theory to show that tapered nanowires that exhibit different degrees of quantum confinement along the length can separate electrons and holes without any dopants. Figure 11 shows the spatial separation between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) wave functions in a tapered quantum silicon nanowire, leading to a spontaneous potential gradient. In another theory paper, the same authors showed that a change in band gap induced by varying strain along the nanowire length can also be used to separate charges in a similar manner (103) . It is unclear if such a material would have the same V oc and FF limitations as traditional cells, which warrants further study. This exciting new charge separation mechanism has yet to be realized experimentally, but it opens up the possibility of making a solar cell from undoped materials with very low Auger recombination rates, which is often the limiting factor in high-efficiency solar cells (51, 78, 104) .
Carrier Collection
Once carriers have been separated, they must diffuse to the contacts to be extracted for useful work. The nanowire geometry is especially beneficial for this step because it enables rapid radial charge separation and efficient carrier collection through band conduction (81). Law et al. (12) demonstrated such a scheme, using zinc oxide nanowires in a dye-sensitized solar cell. They showed that the carrier collection efficiency is much higher for the nanowire case compared with the standard nanoparticle case due to faster band conduction rather than a trap-limited diffusion transport mechanism. Later papers based on this principle showed substantial efficiency improvements by using titania shells to reduce surface recombination rates or titania nanotubes to increase the total surface area (17, 63) . Despite this improved transport, the nanowire dyesensitized solar cells have still not been able to match the nanoparticle cell performance due to the lower surface area (and thus lower dye loading). A much shorter zinc oxide nanowire network also showed improved charge transport in inverted polymer bulk heterojunction solar cells compared with controls on planar zinc oxide films manifested in higher FF and overall efficiency www.annualreviews.org • Nanowire Solar Cells (22, 105) . Considering the light-trapping discussion above, ordered nanowire arrays may be able to provide additional gains in efficiency by improving absorption in both dye-sensitized and bulk heterojunction polymer solar cells. Another advantage of the radial junction is the decreased sensitivity to bulk defects. Kayes et al. (81) predicted that silicon nano-or microwires with radial p-n junctions should show only a slight efficiency degradation with decreasing lifetime until the minority carrier diffusion length approaches the nanowire radius, whereas planar p-n junction cells show severe degradation once the diffusion length drops below the film thickness. Figure 12 shows that this effect is strongest when there is a large mismatch between the absorption and minority carrier diffusion lengths, which is more likely to occur in indirect band gap semiconductors like silicon than in direct band gap materials like gallium arsenide. One important and often overlooked caveat to these results is that the radial junction solar cells show an efficiency advantage primarily when the defects 
Figure 12
Efficiency versus cell thickness L and minority electron diffusion length L n for (a) a conventional planar p-n junction silicon cell, (b) a radial p-n junction nanorod silicon cell, (c) a conventional planar p-n junction gallium arsenide (GaAs) cell, and (d ) a radial p-n junction nanorod GaAs cell. In all cases the top surface shown in the plot has a depletion region trap density fixed at 10 14 cm −3 so that the carrier lifetimes τ n0 , τ p0 = 1 μs, whereas the bottom surface has a depletion region trap density equal to the trap density in the quasi-neutral region at each value of L n . In the radial p-n junction nanorod case, the cell radius R is set equal to L n , a condition that is near optimal. Adapted with permission from Reference 81. Copyright c 2005, American Institute of Physics.
are concentrated in the quasi-neutral region of the device (the upper surfaces in the Figure 12 plots); high defect densities in the depletion region degrade performance significantly for both planar and radial junctions (the lower surfaces in the Figure 12 plots) . Verifying the benefits of the radial geometry requires some control over the minority carrier diffusion length or carrier extraction length in nanowire cells. Single-nanowire solar cell measurements showed an efficiency increase of approximately a factor of five for radial versus axial p-n junctions, due primarily to an improved photocurrent (Figure 13) (47, 106) . It is tempting to assume that the increased efficiency (and photocurrent) stems from improved minority carrier collection in the radial geometry. However, even in the axial p-n junction study, the photocurrent increased linearly with the active area radial nanowire p-n junction must come from differences in absorption, internal quantum efficiency (IQE) (which measures charge separation and extraction efficiency), or some combination of both. Considering that the extraordinarily high J sc reported for the radial p-n junction study (three times the expected value for single-pass absorption, assuming 100% IQE, with bulk absorption coefficients) was attributed to an increased absorption coefficient in the nanocrystalline shell, whereas the axial nanowires were completely single crystalline, it is difficult to determine the charge separation (IQE) benefit of the radial geometry from these studies without absorption simulations or measurements. An additional complicating factor is that the radial junction nanowires had a significantly (almost twofold) larger diameter, possibly enabling higher-order leaky-mode resonances to increase the absorption more than expected from a simple Beer's law calculation, as observed experimentally and theoretically in germanium nanowires (7, 91, 92) . These resonances, which concentrate light near the outer diameter of the nanowire, should increase absorption even more when there is a highly absorbing shell, as in the radial p-i-n junction case (Figure 13) . The charge separation advantages of the radial geometry are more obvious in a paper from Fan et al. (14) that shows an increase in efficiency from approximately 0.5% to nearly 6% by increasing the interpenetration of cadmium sulfide nanowires into a constant-thickness cadmium telluride thin film. Figure 14 indicates that the fraction of charges that can be removed from the device increases dramatically with nanopillar length, as expected when the minority carrier diffusion www.annualreviews.org • Nanowire Solar Cellslength is substantially smaller than the film thickness. The results are somewhat obscured by the possibility of improved absorption with longer nanopillars due to the periodic light-trapping effects described above. However, 1-μm cadmium telluride films already absorb a majority of the above band gap radiation, so optical effects alone cannot account for the order-of-magnitude efficiency improvement. Additionally, the longer nanopillars will have increased interface recombination, which will reduce the efficiency. Device physics simulations, which consider recombination but not light-trapping effects, qualitatively agree with the experimental results (Figure 14) .
Cost
All the above benefits of the nanowire geometry promise to lower the cost of solar cells by reducing the amount of material needed (lower reflection, superior light trapping), by expanding the list of available materials (band gap tuning, new charge separation mechanisms), or by relaxing the materials purification requirements (enhanced charge separation in low-lifetime materials). But nanowires may also offer an enormous cost benefit for the fabrication steps of high-performance multijunction solar cells by removing the need for an expensive lattice-matched substrate. Many materials relevant to solar cells, including zinc oxide, germanium, silicon, indium gallium nitride, and cadmium sulfide, can be made into single-crystalline nanowires on nonepitaxial substrates through bottom-up synthesis, with some grown directly on electrodes such as aluminum foil, stainless steel, or indium tin oxide-coated glass (12, 14, 18, 88, 107) . In principle, the top-down synthetic approach can also lead to single-crystalline nanowires starting with any polycrystalline thin film as long as the grains are much larger than the nanowire diameter and the film is highly textured (i.e., all the grains are oriented in the same direction). These requirements are the same as those needed in standard thin-film solar cells to reduce recombination and have been successfully implemented in a variety of relevant materials, including silicon, cadmium telluride, CIGS, and CZTS (58, 59, 62, 108) . Surface strain relaxation facilitates epitaxial growth of subsequent layers onto nanowires, whereas the radial geometry increases the defect tolerance (as discussed above), which may allow for solution-processed polycrystalline layers instead of vapor phase epitaxy. The promise of bringing multijunction solar cell fabrication costs down to near traditional thin-film costs with only a moderate efficiency loss compared with world record cells is one of the most exciting possibilities for nanowire photovoltaics.
REMAINING CHALLENGES AND FUTURE OUTLOOK
To bring clean power to a large fraction of the world's population, solar cells must become less expensive and use fewer natural resources. Current planar technology imposes lower limits on the quantity and quality of material that must be used to realize high-efficiency solar cells. The nanowire geometry, especially when it incorporates a radial junction, relaxes these requirements, opening up the possibility to use a small amount of abundant, nontoxic, low-cost material to make solar cells with performance close to that of current planar technology. The ability to make single-crystalline nanowires on low-cost substrates such as aluminum foil and to relax strain in subsequent epitaxial layers removes two more major cost hurdles associated with high-efficiency planar solar cells. Despite the tremendous promise offered by nanowire solar cells, some daunting challenges must be addressed before the benefits can be realized commercially. These challenges include surface and interface recombination, surface roughness, mechanical and chemical stability, fine morphology and doping control, nanowire array uniformity, and synthetic scalability. Great progress has been made in most of these areas, but much more work is needed, especially that related to understanding surfaces and interfaces. Even if nanowire devices can realize efficiencies comparable to those of planar devices at much lower costs, practical issues that have not yet been seriously explored such as rapid scaling, integration into modules, and device packaging must be addressed. The rapid improvements in efficiency within the past five years and the potential for cost reductions far below planar limits certainly warrant further research into nanowire solar cells.
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